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In nanoscale space and pico- to nanoseconds enormous physical, chemical and biological 
processes take place, while the motions of involved particles/molecules under thermal 
fluctuations are usually analyzed using the conventional theory of diffusive Brownian motion 
based on both sufficiently long time averaging and assumptions of spherical particle shapes. 
Here, using molecular dynamics simulations, we show that asymmetrically shaped 
nanoparticles in dilute solutions possess spontaneous directional motion of the center of mass 
within a finite time interval. The driving force for this unexpected directional motion lies in the 
imbalance of the interactions experienced by their constituent atoms during the orientation 
regulation at timescales before the onset of diffusive Brownian motion. Theoretical formulae 
have been derived to describe the mean displacement and the variance of this directional 
motion. Our study potentially takes an important step towards establishing a complete 
theoretical framework for describing the motions of variously-shaped particles in solutions 
over all timescales from ballistic to diffusive regime. 
 
The motion of molecules caused by thermal fluctuations plays an essential role in determining the 
probability of meeting their targets upon functioning1–5, such as nucleation of clusters6, 
self-assembling7, triggering chemical reaction8, intercellular signal transduction9, 
neurotransmission10, and various other physical processes11,12, chemical reactions13 and biological 
functioning14,15. Conventionally, the molecules/particles are simply treated as perfect spheres whose 
trajectories are described as random walks or free diffusion and their mean square displacements 
(MSD) obey the Einstein relationship.16–18 With the development of nanoscience and 
nanotechnology, it has been realized that the motion of particles within spaces comparable to their 
own sizes or within finite timescales is very distinctive from the conventional theory predictions. 
Han et al. have experimentally observed the anisotropic diffusion behavior of ellipsoidal particles 
along different axial directions within timescales up to second.19 Chakrabarty et al. have found that 
the Brownian motion of boomerang colloidal particles of micrometer size confined in 
two-dimensions (2D) exhibits a biased mean displacement for the cross point of the two arms, which 
represents the center of body (CoB), towards the center of hydrodynamic stress (CoH).20,21 On the 
finite timescale, Huang et al. found a slow transition from ballistic to diffusive Brownian motion by 
experimentally measuring the mean-square displacement of a 1-µm-diameter silica sphere in water 
using optical trapping technique.22 We note that, a majority of the chemical23,24, biological25,26 and 
physical27,28 processes take place in nanoscale space14,15 and pico- to nanoscale time intervals29,30, 
such as chemical reactions and neurotransmission. However, to our knowledge, very few studies have 
been reported on the motion of molecules under thermal fluctuations both in spaces comparable with 
their own sizes and within very short time intervals. In a previous work based on molecular dynamics 
(MD) simulations, we observed spontaneous anisotropic motions of small asymmetric solute 
molecules, such as methanol and glycine, in water within a finite time, which showed preference in 
certain specific directions along with the molecular orientations31,32. These simulation results imply 
the existence of spontaneous directional motion of particles solely under thermal fluctuations, which 
is apparently anti-intuitive and so raises many challenging questions, especially upon the generality 
and important implications, the underlying physical mechanism and possible theoretical description 
of such phenomenon. Why does the motion of the centers of mass of the molecules bear a directional 
behavior and what is the physical origin of the driving force for the directional motion since there is 
not any external interference? How do the timescales of such directional motion compare with the 
conventional picture of diffusive Brownian motion?  
 
In this work we tackle these challenges by studying the motion of a model nanoparticle shaped as 
triangular pyramid in very dilute solution using both three-dimensional (3D) MD simulations and 
theoretical analyses. Our MD simulations with explicit solvents are carried out by solving dynamic 
equations based on direct interactions between atoms, and so avoid making any prior assumptions, 
such as isotropic random fluctuations and isotropic dissipation, as used in the Langevin equation18.  
We show clear evidence that there is a spontaneous directional motion process of the center of mass 
(CoM) of the shaped nanoparticle and it is well correlated with the particle rotational auto-correlation 
function. Detailed numerical analysis reveals that the physical origin of such unexpected directional 
motion is the imbalance of the frictional forces or hydrodynamic resistances experienced by the 
constituent atoms of the particle during the orientation regulation, which leads to a non-zero effective 
driving force along the initial orientation of the particle. This driving force only exists for a finite time 
interval before the onset of the diffusive Brownian motion. Therefore, it cannot be rationalized using 
the conventional theory of diffusive Brownian motion. Instead we derive theoretical formulae based 
on the observed microscopic picture that can well describe the mean displacement and the variance of 
this spontaneous directional motion. A virtual experiment is designed to demonstrate how such 
process could be detected and potentially applied in nanoscience. It is noted that the directional 
motion of shaped particles cannot result in directional drifting flow in equilibrium systems, because 
the ensemble-averaged effect leads to zero drifting flow at any time due to the equal probability 
distribution of the particle orientations. Our finding clearly shows that the directional motion process 
occurs in nanoscale space and within pico- to nanoseconds. It is completely different from the 
isotropic diffusive Brownian motion generally studied at much larger time and length scales. This 
study is expected to make important contribution to developing a complete microscopic theory for the 
motions of variously-shaped particles that can cover all interested time scales from ballistic to 
diffusive regime.  
 
  
 
Figure 1 (a) Snapshot of the simulation system consisting of a model nanoparticle shaped as a 
triangular pyramid in dilute solution. The cyan points represent the solvent particles and the shaped 
nanoparticle is red highlighted. (b) A 3D Cartesian coordinate frame defined for a target model 
nanoparticle with the origin point fixed at the initial location of its center of mass and the z-axis 
aligned along its initial orientation i(0) at time t = 0. The other two axes are set on the triangular base 
of the nanoparticle. The orientation of the shaped nanoparticle at time t, i(t), is defined by the unit 
vector (blue) pointing from the center of the triangular bottom to the top of the pyramid. The 
displacement of the shaped nanoparticle at time t is the vector s(t). The position angle θ is between s(t) 
and the z-axis [i(0)], and the orientation angle φ is between i(t) and the z-axis [i(0)]. (c) Probability 
density function (PDF) of the center of mass (CoM) position projected onto the z-axis at different 
time t, where the stars mark the peaks of the PDFs. (d) z-component of the mean position of the CoM 
with respect to time (open black diamonds). The red line is the theoretical curve based on Eq. (6) with 
A = 0.15 nm. The open blue squares are the auto-correlation function of the particle orientation Cφ(t) 
obtained from MD simulation. The green curve represents an exponential relaxation function based 
on Eq.(S2.2) in SI (Sec. 2) with the rotational diffusion coefficient Dr = 6.48 × 10-3 rad2 ps-1.  
 
Results from MD simulations 
Our simulation system consists of a single model nanoparticle shaped as triangular pyramid dispersed 
in a solvent of small Lennard-Jones particles with periodic boundary conditions applied in all three 
directions, as shown in Fig. 1(a) and described in the Simulation Method section. The MD simulation 
algorithms we employed have been widely used in the study of dynamics of molecules at 
nanoscale.33–36 As detailed in SI (Sec. 9), the size of the simulation box is large enough and then the 
finite size effect37 is negligible. The 3D Cartesian coordinate frame used for the particle motion 
analysis is displayed in Fig. 1(b) where the origin point and z-axis are built based on the initial 
location of the CoM and orientation i(0) of the shaped nanoparticle at a given reference time t = 0. 
Just like the calculation of any time correlation functions, each MD simulation time step can be taken 
as a time origin. All simulation results presented in this work are ensemble-averaged values obtained 
by using time origins separated by 1 ps along the MD trajectory after the MD system has reached 
equilibrium state, see Simulation Method. Figures 1(c) shows the probability density function (PDF) 
of the CoM position projected on the z-axis for the shaped nanoparticle. We note that the peak 
position of the PDF shifts toward the positive z-direction as time increases, indicating a directional 
motion.  
 
We calculate the mean position or displacement of the CoM of the model particle on the z-axis [Fig. 
1(d)] as a function of time,  
〈ݖሺݐሻ〉 = 〈ܛሺݐሻ ∙ ܑሺ0ሻ〉 = 〈|ܛሺݐሻ| cos ߠ〉,                       (1) 
where θ is the angle between the displacement vector s(t) and the initial orientation (z-axis) of the 
nanoparticle as defined in Fig.1(b). As shown in Fig. 1(d), <z(t)> increases rapidly when t < 100 ps 
and gradually reaches a plateau value (0.15 nm) after 200 ps. This behavior is essentially different 
from the conventional theory of diffusive Brownian motion where the mean displacements of 
particles under no external influence are supposed to be zero, as already observed for spherical or 
ellipsoidal particles19. We have also computed the auto-correlation function of the particle orientation, 
Cφ(t), which characterizes the particle rotational relaxation and is defined as  
ܥఝሺݐሻ = 〈ܑሺݐሻ ∙ ܑሺ0ሻ〉 = 〈cosሾ߮ሺݐሻሿ〉 ≈ ݁ିଶ஽ೝ௧,                 (2) 
where φ(t) is the angle between the unit vectors i(t) and i(0) representing the particle orientations at 
time t and time zero. Conventionally, Cφ(t) is supposed to decay exponentially and the rotational 
diffusion coefficient Dr (= 6.48 × 10-3 rad2 ps-1) can be obtained by linearly fitting the mean square 
angle of the particle orientation, <φ2(t)>, to the Einstein relation18 (see Sec. 2 in SI). As shown in Fig. 
1(d), apart from the very first dozens of picoseconds where the inertial effect dominates (more details 
in Sec. 2 of SI), the theoretical prediction of Cφ(t) [eq.(2)] agrees with the MD data very well up to the 
timescale of 1 ns. Comparing the Cφ(t) and <z(t)> data in Fig.1(d) reveals an intrinsic correlation 
between the rotational and translational motion, as discussed below. 
 
Physical origin of the directional motion 
In order to understand the underlying physics of the spontaneous directional motion of the model 
particle, we compute the ensemble-averaged force <Fz(t)> acting on the nanoparticle along the z-axis 
by surrounding solvent particles. The result is shown in Fig. 2(a). It is clear that <Fz(t)> does have a 
positive value at early times. More specifically this force first increases from zero, reaches its 
maximal value at ~2 ps and then decreases. It becomes negative at 12 ps, reaches the minimal value at 
17 ps and then gradually approaches zero. As a direct consequence, the z-components of both the 
mean translational velocity, <vz(t)>, [Fig.2(b)] and the mean displacement, <z(t)>, [Fig.1(d)] possess 
positive values for over 200 ps. 
 
Now we focus on the physical origin of the driving force for the spontaneous directional motion by 
analyzing the ensemble-averaged force <Fzi(t)> acting on every individual constituent atom of the 
shaped nanoparticle, where i is the serial number of the atom under investigation. Apparently <Fzi(t)> 
only results from the fluctuating forces owing to the collision with the surrounding solvent molecules. 
Thus, <Fzi(t)> depends on the movement of each atom and can be written as a function of both its 
transitional and rotational velocities (detail in Sec. 3 of SI). Then solving the Newton’s second law, 
which is a differential equation of velocity, we can obtain the mean velocity <vz(t)>, 
〈ݒ௭ሺݐሻ〉 = ܥଶܴሺݐሻ݁ି஼భ௧ with ܴሺݐሻ = ׬ ܳሺߦሻ݁஼భక݀ߦ௧଴ ,               (3) 
where 
ܥଵ = ∑ ఒ
೔೔ಿసభ
௠ , ܥଶ =
∑ ఒ೔௥೚೔೔ಿసభ
௠  and ܳሺݐሻ = −
ௗ
ௗ௧ ܥఝሺݐሻ.                (4) 
In Eq. (4), m = NmLJ is the mass of the nanoparticle and mLJ is the mass of each constituent atom 
defined in the Simulation Method section. λi is the effective frictional coefficient of the atom located 
at different sites of the nanoparticle structure and roi is the projection of the atom position vector ri, 
(from the particle CoM to the center of the ith atom) on the particle orientation axis and can be 
obtained directly from the construction of the particle structure. Actually a more complicated 
empirical expression for Cφ(t) (see Sec. 2 in SI), rather than Eq. (2), has been used in Eq. (4) for 
getting the best agreement between the theoretical calculated <vz(t)> and later the mean force 〈ܨ௭ሺݐሻ〉 
with the simulation data.  
 
The mean force acting on the particle is thus 
〈ܨ௭ሺݐሻ〉 = ݉ܥଶሾܳሺݐሻ − ܥଵܴሺݐሻ݁ି஼భ௧ሿ.                       (5) 
This formula further clarifies that the mean force on the nanoparticle can be nonzero only when C2 ≠ 
0 and [Q(t) – C1R(t)exp(-C1t)] ≠ 0. The contribution of the asymmetrical architecture of the particle is 
carried by C2, since it possesses the position vector for every atom. The terms in the square bracket 
are all rotational motion related. It indicates that the key reason for the non-zero net force <Fz(t)> lies 
in the imbalance of the effective frictional forces or hydrodynamic resistances (C2 ≠ 0) acting on the 
constituent atoms during the particle orientation regulation. This can only happen for particles with 
asymmetric structures. If the geometric shape of the particle is symmetric, the effective frictional 
forces acting on all atoms are well balanced (C2 = 0) and no directional motion can be observed, see 
examples given in SI (Sec. 7). On the other hand, the rotational motion also plays the important role. 
If we fix the orientation of the particle [Cφ(t) = 1], Q(t) and R(t) in Eq. (5) both equal to zero. Then the 
mean force even for an asymmetrically shaped nanoparticle with C2 ≠ 0 is zero either. Therefore, the 
key of nonzero mean force is asymmetry, while the rotation is also required. 
 
It is rather tedious to compute C1 and C2 from estimating the effective frictional coefficients λi of all 
the atoms. For practical purpose, we estimate C1 and C2 from the best fitting of the simulation data on 
<Fz(t)> and <vz(t)> to Eqs. (3) and (5). As shown in Fig. 2, these theoretical formulae provide good 
description of the simulation results. In SI (Sec. 6) we also use a smaller model nanoparticle 
consisting of 10 atoms to demonstrate that the fitted C1 and C2 values are in very good agreement with 
those directly calculated using Eq. (4).  
 
  
Figure 2 (a) Mean force experienced by the shaped nanoparticle studied in Fig. 1 and its mean 
velocity (inlet), both along the z-axis. The solid curves are the best fitting of the simulation results 
(symbols) to the theoretical formulae in Eqs. (5) and (3), respectively. (b) Variance of the 
displacement of the particle along the z-axis, Var[z(t)], as a function of time. The solid red curve is the 
numerical fitting using Eq. (8). 
 
Theoretical description of the directional motion  
The mean position <z(t)> of the shaped nanoparticle can be obtained by integrating the mean velocity 
[Eq. (3)],  
〈ݖሺݐሻ〉 = ׬ 〈ݒ௭ሺߦሻ〉݀ߦ௧଴ =
஼మ
஼భ ൣ1 − ܥఝሺݐሻ − ܴሺݐሻ݁
ି஼భ௧൧.                 (6) 
Equation (6) again suggests that the directional motion of the particle is determined by C2, which 
associates with the driving force. Since the term R(t)exp(-C1t) has a peak height of only about 0.02 s-1 
at t ≈ 10 ps and then decays rapidly to zero, we can simply write Eq. (6) at larger time scales (t > 10 ps) 
as 
〈ݖሺݐሻ〉 ≈ ܣൣ1 − ܥఝሺݐሻ൧ with ܣ = lim௧→ஶ〈ݖሺݐሻ〉 = ஼మ஼భ.                 (7)  
Equation (7) clearly elucidates the simple correlation between rotational motion [Cφ(t)] and the 
transitional motion [<z(t)>]. It is shown in Fig. 1(d) that this expression provides very good 
description of the simulation data on <z(t)>. We note that Charkrabarty et al. obtained a similar 
relationship between the mean displacement of the tracking point (CoB) and the particle rotational 
autocorrelation function, e.g., see Eqs. (15a, b) in Ref. [21]. But their displacement did not stand for 
the coupled motion of mass and the correlation function they used takes a single exponential form, 
since their calculations were carried out in the diffusive Brownian motion regime.  
 
Since the mean displacement of the shaped nanoparticle (first moment of the PDF of its position) 
along the z-axis is non-zero due to directional motion, i. e., <z(t)> ≠ 0, we choose to study the second 
moment of the PDF, namely the variance Var[z(t)] of the particle displacement, rather than the mean 
square displacement (MSD) which conventionally assumes <z(t)> = 0. Based on the observed 
translation-rotation coupling picture, this quantity can be described by an empirical expression, 
ܸܽݎሾݖሺݐሻሿ ≡ 〈ሾݖሺݐሻ − 〈ݖሺݐሻ〉ሿଶ〉 = 2׬ ܵ௭ሺߦሻ݀ߦ௧଴ ,                  (8) 
where 
ܵ௭ሺݐሻ = ܦ௭൫1 − ݁ି௧ ఛ೥⁄ ൯ with ߬௭ = ௠஽೥௞ಳ் .                      (9)  
As shown in Fig. 2(b), Equation (8) fits the data from MD simulation very well with the 
one-dimensional (1D) diffusion coefficient Dz = 4.12 × 10-3 nm2 ps-1 and the velocity relaxation time 
τz = 4.36 ps. Considering that <[z(t)-<z(t)>]2> = <[z(t)]2> - [<z(t)>]2 and <[z(t)]2> is the 1D MSD, 
equation (8) can be justified in the two time limits. At very small time scales (t < τz), equation (8) is 
approximated by Sz(t) ≈ Dzt/τz and so Var[z(t)] ≈ <vT2>t2 where vT is the velocity of thermal motion 
based on the equipartition theorem, kBT = m<vT2>. It follows that the MSD of the particle <[z(t)]2> ≈ 
<vT2>t2 + [<z(t)>]2, reflecting the ballistic motion behavior plus a spontaneous directional motion. On 
the other hand, at large enough time scales, Var[z(t)] ≈ 2Dzt and the MSD <[z(t)]2> ≈ 2Dzt + [<z(t)>]2. 
Owing to the limited saturation value of the mean displacement <z(t)>, the Einstein relationship, 
<[z(t)]2> ≈ 2Dzt, is recovered at large time. We note that the results in Fig. 2(b) are consistent with the 
3D MSD of the shaped nanoparticle calculated in the laboratory coordinate system as shown in Fig. 
S2.2 of SI (Sec. 2).  
 
Potential detection and application of the directional motion  
The impact of this spontaneous directional motion can be detected at time and length scales much 
larger than the process itself. Figure 3 demonstrates one example of how the spontaneous 
directional motion of a shaped nanoparticle can affect the probabilities of this particle to meet 
targets located differently in relation to its initial orientation direction. 
 
 
Figure 3. (a) Probabilities for a pyramid-shaped nanoparticle absorbed by one of the two boundaries 
with respect to time t when the planar absorbing boundaries are located at z = ±d with d = 3 nm, 
respectively. The colored background of the inset shows the probability distribution function of the 
CoM position of the particle projected on the x-z plane. (b) Saturated values of the absorption 
probability with respect to the initial distance d from the CoM of the model particle to the 
boundaries.  
 
As shown in Fig. 3, a pyramid-shaped particle is introduced into the solvent of small LJ particles 
with its center of mass located at the origin of the Cartesian coordinate frame and its principal 
orientation aligned along the positive z-direction. Two planar absorbing boundaries are placed in 
parallel to the x-y plane and located at z = ±d, respectively, see the inset in Fig. 3(a). The particle is 
released at time t = 0 to allow for free motion. When the CoM of the particle reaches any one of the 
two absorbing boundaries for the first time, it is considered to be absorbed. Fig. 3(a) clearly shows 
that the spontaneous directional motion of the shaped nanoparticle has led to a higher probability 
for it to be absorbed by the boundary located at z = d, i. e., pointed to by its original orientation. The 
plateau values of the absorbed probabilities of the particles by the two boundaries differ by about 4% 
for d = ±3 nm. It is noted that for model particles of this size the maximum mean directional 
displacement is only A ≈ 0.15 nm (see Fig. 1(d)), which is much smaller than the initial distance d 
of the particle CoM to the boundaries. As shown in Fig. 3(b), the difference in the absorption 
probabilities reaches a peak value in between d = 0.5 to 1 nm, then gradually decreases with the 
increase of d, but still does not vanish after d = 5 nm (> h = 1.68nm >> A). As implied in Fig. S8.1 
in SI (Sec. 8), the effect by the spontaneous directional motion can be amplified by using particles 
of larger sizes or of different asymmetric shapes. It is thus possible to detect this process in 
experiments by employing well-selected shaped particles/molecules with embedded magnetic or 
electric dipole moments and applying external field to achieve the initial particle orientation.  
 
On the other hand, the diffusion-reaction problems are encountered in many biological, chemical 
and physical processes, such as gene delivery and viral infection which involve the kinetically 
limited search processes for nuclear sites by nucleic acids38,39. The intracellular signaling between 
macromolecules or organelle in cell is also carried out by small signal molecules approaching the 
receptors within several nanometers where the probability of meeting targets is the key9,39,5. Since 
all of the involved molecules are of asymmetric shapes, to determine the role of the spontaneous 
directional motion in the dynamics of these processes remains to be an open and challenging 
research subject. Another interesting topic would be the design of novel bio-sensors by taking 
advantage of the biased meeting probabilities of the asymmetric particles in relation to their initial 
orientation as shown in Fig.3.  
 
 
Conclusion 
We have shown by molecular dynamics simulations and theoretical analyses that shaped solute 
molecules/particles with broken central symmetry in dilute solutions undergo spontaneous 
directional motion processes along their original orientation directions. Although in conventional 
theories particle drifting can only happen in the presence of external situational factors, such as 
concentration or temperature gradient, our simulation results reveal that for asymmetrically shaped 
nanoparticles, the directional motion is spontaneous and so takes place even without any external 
interference. The physical origin of the effective driving force for the spontaneous directional 
motion can be attributed to the imbalanced fluctuating forces acting on the particles by surrounding 
solvent molecules during the particle rotational relaxation. The mean displacement of the particle 
gets saturated after a sufficiently long time at which the auto-correlation function of the particle 
orientation decays to zero. The impact of the spontaneous directional motion may be more 
significant for asymmetrically shaped particles of larger sizes (e.g., colloidal particles) in the sense 
of absolute magnitude, since the saturated value of the mean displacement grows with the size of 
the particles.  
 
In this paper, we only consider the spontaneous directional motion along one direction (initial 
particle orientation), while the non-zero mean displacement can actually occur in multiple 
directions for particles or molecules with broken central geometric symmetry within a finite time. 
Moreover, other types of asymmetries, such as the inhomogeneous mass distribution, charge 
distribution, hydrophobic/hydrophilic domains, will also induce the directional motion, which will be 
discussed in later works.  
 
A further remark we would like to make is that the observed spontaneous directional motion will 
not lead to a perpetual mobile that violates the second law of thermodynamics. As shown above, the 
directional motion of shaped nanoparticles only take place in the directions along their initial 
orientations. In equilibrium systems, the orientations of the nanoparticles have equal probability in 
all directions. After averaging over all possible initial orientations of the particles, the mean 
displacement is zero and so there is no directional flow in the system, which is consistent with the 
statistical mechanic principles. In the SI (Sec. 10), we have demonstrated that one cannot extract 
mechanical energy from a thermal bath by restraining the orientations of the particles. To make use of 
the spontaneous directional motion phenomenon, external energy input is required. However, for the 
case that we only focus on the motion of a single molecule within a finite time, just as the example of 
we presented above, biased moving probability and the spontaneous directional motion will definitely 
affect various physical, chemical and biological processes happened within spaces comparable to 
molecule/particle sizes and within finite timescales. 
 
We note that extensive physical, chemical and even biological processes, including protein 
conformation changes4,40, occur in a finite time, e.g., nano-, pico- and even femto-seconds. Therefore, 
our finding may contribute to understanding the microscopic mechanisms of various kinetic 
processes and their practical applications, such as chemical separation28,41, sensing42–44 and drug 
delivery45,46, especially at short timescales. Our finding clearly shows that the motions of 
asymmetrically shaped molecules/particles in the nanoscale space and within pico- to nanoseconds 
are completely different from the conventional isotropic diffusive Brownian motion picture. We hope 
that this study can inspire the development of a complete theoretical framework that can describe the 
motions of variously-shaped particles in solutions over a whole range of timescales from ballistic to 
diffusive regime. 
 
Simulation Method  
The model nanoparticle we simulated was shaped as triangular pyramids with height h = 1.68 nm, 
as shown in Fig. 1(a), where three side surfaces were identical isosceles triangles with the angle of 
36° and the bottom surfaces were regular triangles. The nanoparticle was built by bonding 220 
Leonard-Jones (LJ) particles. We put the model nanoparticle in a cubic box of dimensions 18 nm × 
18 nm × 18 nm with periodic boundary conditions filled with 97 306 LJ particles as solvent. In SI 
(Sec. 9) we demonstrated that the finite size effects are negligible for the simulation results on the 
directional motion of the model particles. All LJ particles had the same mass of mLJ=12.011 u and 
the same force field parameters (σ = 0.375 nm, ε = 0.439 kJ mol-1). The cut-off distance for van de 
Waals (vdW) interactions was set to 1.3 nm. There was no Coulomb interaction in this system. The 
temperature was maintained at 300 K by velocity-rescale thermostat47. A time step of 2 fs was used, 
and the neighbor list was updated every 10 steps. Using Gromacs 4.648 software, we performed 5 
independent simulation runs for each system containing a single model particle immersed in 
solvents, starting from different initial configurations. Each system was first equilibrated for 20 ns 
and then ran for another 200 ns for analysis. The calculation of the PDFs of the CoMs and 
consequently the mean displacements of the model particles were carried out by taking time origins 
separated by 1ps along the MD trajectory. Thus we had about 1 million samples of each model 
nanoparticle for statistical analysis. 
 
* Corresponding author. Email: fanghaiping@sinap.ac.cn 
† Corresponding author. Email: zuowei.wang@reading.ac.uk 
 
References 
1. Di Rienzo, C., Piazza, V., Gratton, E., Beltram, F. & Cardarelli, F. Probing short-range protein 
Brownian motion in the cytoplasm of living cells. Nat. Commun. 5, 5891 (2014). 
2. Zhang, M., Zuo, G., Chen, J., Gao, Y. & Fang, H. Aggregated Gas Molecules: Toxic to Protein? 
Sci. Rep. 3, 6–10 (2013). 
3. Tu, Y. et al. Destructive extraction of phospholipids from Escherichia coli membranes by 
graphene nanosheets. Nat. Nanotechnol. 8, 594–601 (2013). 
4. Echeverria, I., Makarov, D. E. & Papoian, G. A. Concerted dihedral rotations give rise to 
internal friction in unfolded proteins. J. Am. Chem. Soc. 136, 8708–8713 (2014). 
5. Campbell, N. A. & Reece, J. B. Biology. (Benjamin Cummings, 2002). 
6. Zhao, L. et al. Reversible state transition in nanoconfined aqueous solutions. Phys. Rev. Lett. 
112, 78301 (2014). 
7. Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 437, 640–647 
(2005). 
8. Guérin, T., Bénichou, O. & Voituriez, R. Non-Markovian polymer reaction kinetics. Nat. 
Chem. 4, 568–573 (2012). 
9. Berridge, M. J. & Irvine, R. F. Inositol phosphates and cell signalling. Nature 341, 197–205 
(1989). 
10. Rodbell, M. The role of hormone receptors and GTP-regulatory proteins in membrane 
transduction. Nature 284, 17–22 (1980). 
11. Bahng, J. H. et al. Anomalous dispersions of ‘hedgehog’ particles. Nature 517, 596–599 
(2015). 
12. Zhang, R., Xu, Y., Wen, B., Sheng, N. & Fang, H. Enhanced permeation of a hydrophobic 
fluid through particles with hydrophobic and hydrophilic patterned surfaces. Sci. Rep. 4, 5738 
(2014). 
13. Herves, P. et al. Catalysis by metallic nanoparticles in aqueous solution: model reactions. 
Chem. Soc. Rev. 41, 5577 (2012). 
14. de Groot, B. L. & Grubmüller, H. Water permeation across biological membranes: mechanism 
and dynamics of aquaporin-1 and GlpF. Science 294, 2353–2357 (2001). 
15. Von Hansen, Y., Gekle, S. & Netz, R. R. Anomalous anisotropic diffusion dynamics of 
hydration water at lipid membranes. Phys. Rev. Lett. 111, 1–5 (2013). 
16. Einstein, A. Investigations on the Theory of the Brownian Movement. (Dover Publications, 
1956). 
17. Chandler, D. Introduction to Modern Statistical Mechanics. (Oxford University Press, 1987). 
18. Doi, M. & Edwards, S. F. The Theory of Polymer Dynamics. (Clarendon Press, 1988). 
19. Han, Y. et al. Brownian motion of an ellipsoid. Science 314, 626–630 (2006). 
20. Chakrabarty, A. et al. Brownian Motion of Boomerang Colloidal Particles. Phys. Rev. Lett. 
111, 160603 (2013). 
21. Chakrabarty, A. et al. Brownian motion of arbitrarily shaped particles in two dimensions. 
Langmuir 30, 13844–13853 (2014). 
22. Huang, R. et al. Direct observation of the full transition from ballistic to diffusive Brownian 
motion in a liquid. Nat. Phys. 7, 576–580 (2011). 
23. Liang, Y., Ozawa, M. & Krueger, A. A general procedure to functionalize agglomerating 
nanoparticles demonstrated on nanodiamond. ACS Nano 3, 2288–2296 (2009). 
24. Song, B. et al. Irreversible denaturation of proteins through aluminum-induced formation of 
backbone ring structures. Angew. Chemie - Int. Ed. 53, 6358–6363 (2014). 
25. Ball, P. Water as an active constituent in cell biology. Chem. Rev. 108, 74–108 (2008). 
26. Philips, R., Kondev, J. & Theriot, J. Physical Biology of the Cell. (Garland Science, 2008). 
27. Dixit, S., Crain, J., Poon, W. C. K., Finney, J. L. & Soper,  a K. Molecular segregation 
observed in a concentrated alcohol-water solution. Nature 416, 829–832 (2002). 
28. Striemer, C. C., Gaborski, T. R., McGrath, J. L. & Fauchet, P. M. Charge- and size-based 
separation of macromolecules using ultrathin silicon membranes. Nature 445, 749–753 
(2007). 
29. Franosch, T. et al. Resonances arising from hydrodynamic memory in Brownian motion. 
Nature 478, 85–88 (2011). 
30. Pusey, P. N. Brownian motion goes ballistic. Science (80-. ). 332, 802–803 (2011). 
31. Sheng, N., Tu, Y., Guo, P., Wan, R. & Fang, H. Asymmetrical free diffusion with 
orientation-dependence of molecules in finite timescales. Sci. China Physics, Mech. Astron. 56, 
1047–1052 (2013). 
32. Sheng, N., Tu, Y., Guo, P., Wan, R. & Fang, H. Diffusing of an ammonia molecule in water in 
a very short time period. J. Hydrodyn. Ser. B 24, 969–970 (2012). 
33. Hummer, G., Rasaiah, J. C. & Noworyta, J. P. Water conduction through the hydrophobic 
channel of a carbon nanotube. Nature 414, 188–190 (2001). 
34. Wang, Z. & Larson, R. G. Molecular dynamics simulations of threadlike 
cetyltrimethylammonium chloride micelles: Effects of sodium chloride and sodium salicylate 
salts. J. Phys. Chem. B 113, 13697–13710 (2009). 
35. Gong, X. et al. A charge-driven molecular water pump. Nat. Nanotechnol. 2, 709–712 (2007). 
36. Tu, Y. et al. Water-mediated signal multiplication with Y-shaped carbon nanotubes. Proc. Natl. 
Acad. Sci. U. S. A. 106, 18120–4 (2009). 
37. Yeh, I. C. & Hummer, G. System-size dependence of diffusion coefficients and viscosities 
from molecular dynamics simulations with periodic boundary conditions. J. Phys. Chem. B 
108, 15873–15879 (2004). 
38. Wong, S. Y., Pelet, J. M. & Putnam, D. Polymer systems for gene delivery-Past, present, and 
future. Prog. Polym. Sci. 32, 799–837 (2007). 
39. Dinh, A.-T., Pangarkar, C., Theofanous, T. & Mitragotri, S. Understanding intracellular 
transport processes pertinent to synthetic gene delivery via stochastic simulations and 
sensitivity analyses. Biophys. J. 92, 831–46 (2007). 
40. Yang, H. et al. Protein conformational dynamics probed by single-molecule electron transfer. 
Science (80-. ). 302, 262–266 (2003). 
41. Zhou, X. et al. Self-assembling subnanometer pores with unusual mass-transport properties. 
Nat. Commun. 3, 949 (2012). 
42. Hatch, A. et al. A rapid diffusion immunoassay in a T-sensor. Nat. Biotechnol. 19, 461–465 
(2001). 
43. Song, B., Cuniberti, G., Sanvito, S. & Fang, H. Nucleobase adsorbed at graphene devices: 
Enhance bio-sensorics. Appl. Phys. Lett. 100, 063101 (2012). 
44. Squires, T. M., Messinger, R. J. & Manalis, S. R. Making it stick: convection, reaction and 
diffusion in surface-based biosensors. Nat. Biotechnol. 26, 417–426 (2008). 
45. Tsapis, N., Bennett, D., Jackson, B., Weitz, D. A. & Edwards, D. A. Trojan particles: Large 
porous carriers of nanoparticles for drug delivery. Proc. Natl. Acad. Sci. U. S. A. 99, 12001–
12005 (2002). 
46. Dittrich, P. S. & Manz, A. Lab-on-a-chip: microfluidics in drug discovery. Nat. Rev. Drug 
Discov. 5, 210–218 (2006). 
47. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. J. 
Chem. Phys. 126, 1–7 (2007). 
48. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for Highly 
Efficient, Load-Balanced, and Scalable Molecular Simulation. J. Chem. Theory Comput. 4, 
435–447 (2008). 
 
Acknowledgements 
We thank Prof. JI Qing and Prof. HU Jun for helpful discussions. Z. Wang also acknowledge Alexei 
Likhtman, Alex Lukyanov and Eugene Terentjev for valuable discussions. This work was supported 
by the National Natural Science Foundation of China (Grant Nos. 10825520, 11422542, 11175230 
and 11290164), the Key Research Program of Chinese Academy of Sciences (Grant No. 
KJZD-EW-M03), the Deepcomp7000 and ScGrid of Supercomputing Center, the Computer Network 
Information Center of Chinese Academy of Sciences and the Shanghai Supercomputer Center of 
China. 
 
Author Contributions  
H.F., Z.W. and N.S. contributed the idea and designed the project. N.S. performed the numerical 
simulations. H.F., Z.W. and N.S. carried out most of the theoretical analysis, and wrote the paper. Y.T., 
P.G. and R.W. performed some theoretical analysis. All authors discussed the results and commented 
on the manuscript. 
 
Additional information  
Supplementary Information is available in the online version of the paper. 
Competing Financial Interests: The authors declare that they have no competing financial interests. 
 
